We have developed a new rapid test, the radiometric cytolysis inhibition assay (RACINA), for the determination of neutralizing poliovirus antibodies. HeLa cells prelabeled with s'Cr, [3H]leucine, or, preferentially, with [3H]uridine are used as sensitive quantitative indicators of residual infectious virus. Both suspensions and monolayer cultures of the indicator cells can be used. Neutralization of a fraction of a high-titer virus preparation can be scored after the first replication cycle at 8 to 10 h. By lowering the incubation temperature to 30°C, the completion of the cytolysis due to the first replication cycle of poliovirus was delayed beyond 21 h. This makes it possible to use the RACINA, unlike the standard microneutralization assay, for measuring antibodies to trypsin-cleaved polioviruses. The RACINA was found to be as sensitive as and more reproducible than the standard microneutralization assay in the measurement of neutralizing poliovirus antibodies. The RACINA is a rapid and reliable test for neutralizing antibodies and in principle it may be applicable for quantitation of neutralizing antibodies to other cytolytic agents as well.
Assays for neutralizing antibodies are widely used in serosurveys for immunity to poliovirus and to several other pathogenic microbial agents (1) . Neutralization tests are also used in serological diagnosis of poliomyelitis and certain other viral infections, especially in cases in which other tests are impaired by cross-reactions (4) . Because of the requirements of aseptic conditions, long incubation times, and subjective visual scoring of results, alternative methods for these situations would be welcomed. Straightforward solidphase immunoassays, although relatively rapid, are often only marginally less tedious and measure other types of antibody molecules as well and, therefore, have not replaced proper neutralization assays, for instance, in the measurement of poliovirus antibodies.
Additional requirements for the assay are raised when sera are tested for their capacity to neutralize trypsin-cleaved polioviruses (2, 3) . This is important especially in evaluating immunity to type 3 poliovirus infections (6, 7) . In the conventional microneutralization assay, a relatively small amount of infectious virus is reacted with serial dilutions of test sera, and the residual infectious virus is allowed to replicate several cycles and to cause a cytopathic effect in suitable indicator cells (1) . In this system, trypsin-cleaved polioviruses will produce, from the first replication cycle on, a normal progeny virus with intact antigenic sites. Antibodies that are present in the test serum and targeted to trypsin-cleavable sites in the virus may thus confuse the results. For unbiased results, one has to inoculate the virus-serum mixtures on monolayer cultures of the indicator cells and, after an adsorption period, wash off the test serum. Plaque reduction tests fulfill these requirements, and we have successfully used a plaque assay to selectively measure serum antibodies capable of neutralizing trypsin-cleaved polioviruses. However, the assay is rather tedious and not very sensitive (6, 7) .
We have been looking for alternative methods to demonstrate the residual infectious virus in neutralization tests. We have applied a principle widely used in cellular immunology for quantification of cell killing. The release of radioactively * Corresponding author.
labeled cell contents turned out to be an accurate measure of poliovirus-induced cytopathic effect. In this article, we describe a rapid and sensitive neutralization assay based on radiometric quantification of virus-induced cytolysis. We have named the method radiometric cytolysis inhibition assay (RACINA).
MATERIALS AND METHODS
Cell cultures. Vero cells, a continuous cell line of African green monkey kidney origin, were used for virus propagation. HeLa-S cells originally derived from human epithelial cancer were used as indicator cells in the neutralization assays. We initially labeled the cells in suspension; monolayer cultures were trypsinized, were suspended at 2 x 107 to 3 x 107 cells per ml in minimal Eagle medium (MEM) for suspension cultures (S medium) supplemented with 10% fetal calf serum (FCS) (S-10 medium), and were labeled in a roller tube (for details, see Results). Later, we found that the most practical way of labeling the cells was as follows. A confluent culture in an 800-ml plastic flask (7 x 107 to 12 x 107 cells) was rinsed with phosphate-buffered saline and was fed with 3 ml of the regular MEM supplemented with 10% FCS thoroughly dialyzed against phosphate-buffered saline (MEMdF) and 250 ,uCi of [3H]uridine. After 60 min at 36°C, the cells were rinsed three times with phosphate-buffered saline and were supplemented with 30 ml of MEMdF.
Virus strains. Poliovirus strain type 3 Saukett NPHI, a supposed derivative of type 3 poliovirus/USA/Saukett/50 maintained at this institute, was propagated in Vero cells. Crude virus preparations were cleared from cell debris by low-speed centrifugation and were used as such or after being treated with trypsin (6) .
Neutralization assays. Standard microneutralization (1) was carried out as described earlier (8) . In the early phase of the development of the RACINA, test sera and the virus stocks were both diluted in Hanks balanced salt solution supplemented with 0.1% bovine serum albumin (H-BSA). In the suspension culture assay, 10 ,u.l of serum was mixed with 30 ,Il of virus in Eppendorf tubes. After 1 h at 36°C and overnight at 4°C, the indicator cell suspension was added [S-1 medium], unless otherwise indicated). After indicated times at 36°C in a horizontal rotatory shaker, sets of tubes were centrifuged for 2 min at 10,000 x g to pellet the cells. Samples of supernatant (150 pil) were taken for determination of extracellular radioactivity.
In the monolayer culture assay, sera were diluted on 96-well flat-bottom microdilution plates (Nunc AG, Roskilde, Denmark) at a ratio of 1:4, leaving a final volume of 75 pul per well. Half of the volume was transferred to a parallel plate, using a multichannel Finnpipette. Thereafter, 35 ,ul of virus dilution was added per well and the mixtures were incubated as in the suspension culture assay. After neutralization, 5 x 104 labeled cells in 150 pul of regular MEM plus 1% FCS were added per well, and incubation was continued overnight at the indicated temperature. The plates were centrifuged for 10 min at 500 x g, and 100-pul samples of supernatant were harvested for determination of extracellular radioactivity. 
RESULTS
Spontaneous and poliovirus-induced release of radioactivity from prelabeled HeLa celis. Since release of 51Cr label from target cells within a given period is successfully used as an indicator of cytotoxicity of activated T lymphocytes and natural killer cells, we first wanted to see if this method could be used as a quantitative measure of the poliovirusinduced cytopathic effect. HeLa cells were incubated in S-10 medium overnight at 36°C in a roller bottle to allow complete regeneration of poliovirus receptors. Serial dilutions of type 3 poliovirus Saukett in 100 pul of S-1 medium were mixed with standard amounts of 51Cr-labeled cells, and the suspensions were incubated at 36°C in a horizontal rotatory shaker. The virus-induced release of label was proportional to the calculated multiplicity of infection and took place according to a time schedule reminiscent of the replication cycle of poliovirus (Fig. 1) . The highest multiplicity of infection used resulted in an extra release of 51Cr label to a level two-to threefold that of the spontaneous release. At 21 h or after an incubation time theoretically allowing three cycles of virus replication, the virus-dependent release of 51Cr label was still proportional to the input multiplicity (Fig. 1A) .
Since the use of 51Cr labeling is considered somewhat inconvenient in most laboratories, we wanted to see if cells labeled with other types of radioisotopes could be used instead. We first tested several labeling times and chase periods, using [3H]leucine. As with the 51Cr label, the release of [3H]leucine label was very regular, and parallel tests showed little variation. However, the rate of the spontaneous release was always at least half of that seen with the virus-infected cells (Fig. 1B) .
The next and final radioisotope tested was [3H]uridine. Normal rabbit serum, FCS, and mouse serum did not inhibit the virus-induced release of cell contents, but both FCS and normal rabbit serum decreased the spontaneous release by 10 to 20% (not shown). Accordingly, levels of label lower than background were sometimes observed with the higher concentrations of the test sera (Fig. 2) .
Overnight assay in microdilution plates. For practical purposes, the scoring of virus neutralization after the first replication cycle at 8 to 10 h is cumbersome and not possible within normal working hours. We therefore worked on a system in which HeLa (Fig. 4) . The titer values obtained were, however, slightly higher in the microneutralization assay than in the RACINA and consequently, some sera showing low titers in the microneutralization test appeared negative in the RACINA. On the other hand, the RACINA appeared to be a more accurate method than the microneutralization assay, as shown by the difficulty of determining the endpoint titer in several sera when using the latter assay.
To test the reproducibility of the results, five selected serum specimens were tested several times in both the RACINA and the microneutralization assay. Two dilution series were made from each serum specimen, one starting at a fivefold-greater dilution than the other. The results obtained with the RACINA were highly reproducible, with the 1:5-prediluted specimen always yielding a titer about fourfold lower ( (Fig. 5) . Antibodies neutralizing trypsin-cleaved poliovirus type 3 Saukett could be readily measured if the cytolysis caused by the residual infectious virus was scored by the end of the first replication cycle at 8 to 12 h (data not shown). Because of the inconvenience of the harvesting time, we wanted to see if an overnight incubation could be used instead. Pilot experiments had indicated that the counts released were proportional to the multiplicity of infection as late as at 24 h after infection. A small set of human sera, previously studied in a plaque reduction test (6), was tested for neutralizing antibodies to trypsin-cleaved poliovirus type 3 Saukett, using the RACINA. A fairly good correlation was found between the tests (Fig. 6) .
In some subsequent tests, however, unexpectedly high levels of antibodies to the cleaved virus were measured in certain sera. Therefore, we wanted be sure that the cytolysis measured was really caused by the input trypsin-cleaved virus and not by a secondary replication cycle due to the intact progeny virus generated during the overnight incubation. Trypsin-cleaved Saukett We then tested whether lowering the incubation temperature to 30°C would delay the first replication cycle of the virus and allow scoring of the results after an overnight incubation. Kinetics of cytolysîs (Fig. 5 ) indicated a significant delay in label release at 30°C. In other experiments, it was found that virus-induced cytolysis at 30°C continued to increase up to 31 h but the ratio between virus-induced and spontaneous release of radioactivity was not improved from that seen at 21 h. A test with MAbs, similar to that described above, indicated that cytolysis scored after 21 h at 30°C probably was all due to residual input trypsin-cleaved virus that was escaping neutralization (Fig. 7 ). cytopathogenic virus. We have studied several parameters influencing the sensitivity and reproducibility of the test, which was found to be suitable for measuring separately neutralizing antibodies to intact and trypsin-cleaved polioviruses.
DISCUSSION
Quantification of the poliovirus-induced cytopathic effect by radiometric assay of cytolysis turned out to be a sensitive and reproducible method. The kinetics of the virus-induced release of cell contents were unaffected by the isotope used for labeling the cells. The 51Cr-release method widely used in cytotoxicity assays was adapted and resulted in an acceptable rate of spontaneous release and very small variation between duplicate specimens. 51Cr-labeled cells would be a suitable indicator system for residual infectious virus in neutralization tests in laboratories with facilities for work with gamma-radiating isotopes. We went on searching for alternative labeling methods since low-energy beta-radiating isotopes such as tritium are more widely accepted for normal laboratory work. While [3H]leucine-labeled cells might also perform satisfactorily as the indicator system, we preferred [3H]uridine as the labeling isotope because of the relatively lower rate of spontaneous release of the label. By modifying the labeling procedure and perhaps the subsequent incubation of the cells before use in the test, it may be possible to find conditions for obtaining cell preparations with even lower background release, but we did not pursue the matter further.
It is advisable to standardize the labeling procedure as much as possible, including the growth phase and concentration of the cells, to obtain a regular level of specific activity for the indicator cells. We found that the reliability of the test somewhat decreased with low-specific-activity cells. HeLa-S cells were originally selected for the indicator system because we wanted to carry out both the labeling of the cells and the viral infection in suspension in Eppendorf tubes to simplify the sampling of extracellular radioactivity.
In later experiments, we found that it was more practical to carry out both virus neutralization and subsequent incubation with the indicator cells in microdilution plates. Moreover, whereas most of the experiments described in this report were carried out by using cells labeled in suspension, we found later that HeLa-S cells could be readily labeled as monolayers. This observation suggests that the RACINA is applicable to other cell types as well and, consequently, for measuring neutralizing antibodies to cytolytic viruses not growing in HeLa-S cells. It is clear that the kinetics of the spontaneous and virus-induced label release have to be studied separately for each cell type and virus strain. The kinetics of label release from poliovirus-infected HeLa cells seem, however, to be similar for wild-type and attenuatéd strains of all serotypes (unpublished observations).
Another aspect that has to be considered is the dynamic nature of the cytolysis. Although it is possible to score the results as early as 8 h or as late as 24 h after infection, it is important to note that the neutralization titers observed for test sera may be different at different time points. Furthermore, when analyzing large numbers of sera, the time required for harvesting of the specimens may be long enough to cause a significant increase in the released radioactivity in the cells harvested last.
If In the overnight assays we found it practical to take the 50% inhibition as the endpoint titer. The dilution curves of most sera had a sigmoidal shape with the steepest part of the curve in the middle. The use of higher or lower (e.g., 75 and 25%) extents of inhibition as the breaking points was not attempted because of the fact that the upper and lower plateau-phase values in some of the curves did not coincide with virus and cell controls, respectively. On the other hand, determination of the 50% inhibition titer seemed relatively accurate with the fourfold dilution system used. As for positive sera, at least one of the dilutions used gave a value clearly differing from that of either the virus or the cell control.
The sensitivity of the RACINA at the regular temperature (36°C) was found to be slightly lower than that of the standard microneutralization assay. Interestingly, lowering the incubation temperature to 30°C, which resulted in postponing the virus-induced cytolysis, increased the sensitivity about fourfold. Another factor influencing the sensitivity of the test was the amount of virus used in the test. A titration curve of the challenge virus was found to be necessary in each test to guarantee the use of a standard amount of virus and to enable comparison of antibody titers against different virus preparations. While the antibody titer scores could be increased by lowering the virus concentration from the -107 50% tissue culture infective doses (TCID50) per well used in our test, this would require a longer incubation time and would also bring about greater variation. One reason for the slightly better sensitivity but greater variability of the microneutralization test, compared with those of the RACINA at 36°C, is most likely the smaller amount of virus used per well.
Under the conditions used in our experiments, the reproducibility of the RACINA was excellent both within and between assays. Maximally twofold differences in the titers were found to be due to technical variation of the test. The RACINA, carried out at 30°C overnight, was found to be suitable for measuring antibodies to trypsin-cleaved poliovirus and capable of replacing the cumbersome plaque reduction assay previously used for this purpose (6) . This makes it possible to study on a larger scale the effect of phenotypic changes in virion structure on virus neutralization. We would like to emphasize that by now we have used the RACINA to study much larger numbers of sera than those described above and the results support the above conclusions about the sensitivity and reproducibility of the test.
In conclusion, we have developed a new type of virus neutralization test, the RACINA, which is rapid, reproducible, and as sensitive as the standard microneutralization assay. We used poliovirus and HeLa cells as the experimental model, but in principle the test can be used to measure neutralizing antibodies to any other cytolytic virus or other agent as well.
